Biomechanical overload induces cardiac hypertrophy and heart failure, and reactive oxygen species (ROS) play a role in both processes. Thioredoxin-Interacting Protein (Txnip) is encoded by a mechanically-regulated gene that controls cell growth and apoptosis in part through interaction with the endogenous dithiol antioxidant thioredoxin. Here we show that Txnip is a critical regulator of the cardiac response to pressure overload. We generated inducible cardiomyocyte-specific and systemic Txnip-null mice (Txnip-KO) using Flp/frt and Cre/loxP technologies. Compared with littermate controls, Txnip-KO hearts had attenuated cardiac hypertrophy and preserved left ventricular (LV) contractile reserve through 4 weeks of pressure overload; however, the beneficial effects were not sustained and Txnip deletion ultimately led to maladaptive LV remodeling at 8 weeks of pressure overload. Interestingly, these effects of Txnip deletion on cardiac performance were not accompanied by global changes in thioredoxin activity or ROS; instead, Txnip-KO hearts had a robust increase in myocardial glucose uptake. Thus, deletion of Txnip plays an unanticipated role in myocardial energy homeostasis rather than redox regulation. These results support the emerging concept that the function of Txnip is not as a simple thioredoxin inhibitor but as a metabolic control protein. (Circ Res. 
H eart failure is among the most prevalent diseases worldwide and frequently results from sustained biomechanical overload. After a prolonged period of compensatory adaptation of cardiac hypertrophy, myocardium undergoes functional and histological deterioration. A large body of literature suggests that mechanical left ventricular (LV) wall stress induces cardiac hypertrophy and failure in part through induction of reactive oxygen species (ROS). 1 In addition to structural ventricular remodeling, myocardium changes utilization of metabolic fuels from fatty acid to glucose, a process called "metabolic remodeling".
Multiple antioxidant systems-including the two major thiol reductase systems, glutathione and thioredoxin-can protect cells by scavenging ROS. The thioredoxin system is a thiol-reducing mechanism expressed in almost all living cells that functions through the reversible oxidation of vicinal cysteines of thioredoxin and through reduction by thioredoxin reductase. Indeed, cytosolic thioredoxin1 can protect the heart against oxidative stress and inhibit cardiac hypertrophy via its antioxidant activity. 2 In addition to its antioxidant properties, thiol-disulfide exchange reactions serve as control mechanisms for signal transduction. For example, thioredoxin modulates transcription factor activation, stimulates growth, and inhibits apoptosis through interaction with several binding partners. 3 Thioredoxin-interacting protein (Txnip), also known as thioredoxin binding protein 2 or vitamin D 3 upregulated protein 1, probably interacts with thioredoxin via a disulfide bond, reducing thioredoxin activity. 4 Mechanical or oxidative stress suppresses Txnip expression without affecting thioredoxin expression, leading to a net increase in thioredoxin activity. 3 Forced overexpression of Txnip decreases thioredoxin activity, increases oxidative stress, and inhibits cell growth. 5, 6 In addition, glucose strongly induces Txnip in multiple cell types, suggesting possible physiological roles of Txnip in glucose metabolism. 7 Thus, Txnip acts as a redoxsensitive signaling protein that participates in a variety of biological functions, although it is unclear if these roles of Txnip are mediated solely by inhibition of thioredoxin function.
Because Txnip can inhibit thioredoxin function, we hypothesized that deletion of Txnip would protect the myocardium by allowing greater thioredoxin antioxidant activity. To test this hypothesis, we generated mice with targeted deletion of Txnip using Flp/frt and Cre/loxP technologies.
Materials and Methods
An expanded Materials and Methods section can be found in the online data supplement at http://circres.ahajournals.org.
Generation of Conditional Txnip Deletion Mice
A genomic BAC containing the Txnip locus, RPCI-22 clone 496G18, from a mouse 129S6/SvEvTac genomic library was obtained. We used a 6.5-kb plasmid vector containing the Txnip gene exon1 and its flanking genomic sequences including the Txnip promoter region and exons 2 to 6 ( Figure 1A ). The construct was electroporated into J1 ES cells, and chimeric mice were generated by injection of clones into C57BL/6 blastocysts. The successful homologous recombination was confirmed in genomic DNA from Txnip (FrtϪneoϪFrt)loxϩ/Ϫ mice ( Figure 1B ). We used the Flp/frt system to eliminate the neomycin gene by crossing Txnip (FrtϪneoϪFrt)loxϩ/(FrtϪneoϪFrt)loxϩ mice to mice expressing FLPe recombinase from the Rosa26 locus. 8
Thioredoxin Activity and ROS
The tissue levels of thioredoxin activity, O 2
•Ϫ production (ferricytochrome c reduction), lipid peroxides (malondialdehyde), and the ratio of reduced (GSH) to oxidized glutathione (GSSG) were measured in whole heart homogenates. Cryosections were stained with 5-6 -chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCFDA).
Transverse Aortic Constriction
Transverse aortic constriction (TAC) surgery, echocardiography, and hemodynamic acquisition were performed in in vivo studies using blinded protocols with respect to genotype.
Nuclear Magnetic Resonance Spectroscopy
Levels of phosphorylated metabolites were monitored based on the intensities of the 31 P-nuclear magnetic resonance (NMR) responses in a perfused Langendorff heart model system. LV mechanical function was monitored during the NMR spectroscopy.
Statistical Analysis
All data are presented as meanϮSEM. Statistical analysis was performed with the paired t test, unpaired Student t test or Mann-Whitney test between groups.
Results

Generation of Txnip-Null Mice
We first generated mice with systemic deletion of Txnip. Males were generated with both the Protamine-Cre transgene and the Txnip flox allele; the endogenous mouse protamine genes are expressed during the haploid stages of spermatogenesis. 9 These males were then mated to wild-type females. Protamine-Cre mediated recombination of the Txnip flox allele resulted in a heterozygous Txnip-null and subsequent intercrossing led to homozygous Txnip-null mice. After confirmation of the recombined gene in the male germ line by Protamine-Cre, mice without the Cre transgene were used for further breeding to avoid the potential effect of ectopic Cre activity on phenotypes. For each of the crosses, progeny were healthy and viable at birth and genotypes were present at the normal Mendelian frequencies. Txnip null/null mice did not display any evident gross phenotypes up to 36 weeks old compared with wild-type mice. Southern analysis and PCR of genomic DNA confirmed the targeted gene deletion in Txnip-null mice ( Figure 1B and 1C ). Although an ATG/ methionine accompanied with a Kozak sequence was predicted at exon 6 in the shifted-frame (2 base pairs), Northern analysis on RNA extracts from hearts and skeletal muscle with a specific probe encoding Txnip exon7 and exon8 showed that the gene targeting strategy abolished expression of the 3Јexons ( Figure 1D ). Because the Cre-loxP strategy deleted only exon1 of the Txnip gene and because the putative thioredoxin-binding site of Txnip is 3Ј to exon1, we confirmed that no aberrant protein was synthesized from the targeted allele. Txnip protein expression was confirmed by Western analysis using monoclonal mouse anti-human Txnip antibodies generated in our laboratory. Epitope-mapping using various deletion constructs demonstrated that the antibodies (clone JY1 and JY2) bound to regions in the C terminus of the Txnip protein after amino acid 302 ( Figure  2A ). Western analyses using these antibodies indicated that Txnip protein was robustly expressed in the heart, lung, spleen, and skeletal muscle of wild-type mice, but no significant expression was observed in these tissues from Txnipnull mice, confirming deletion of Txnip protein in mice ( Figure 2B and 2C).
Txnip-Null Mice Exhibit No Changes in Thioredoxin Activity
We then examined whether systemic deletion of Txnip led to compensatory changes in other components of the thioredoxin system in mice. Interestingly, immunoblot analysis and insulin disulfide reduction assay revealed that neither expression levels ( Figure 2D ) nor activities ( Figure 2E ) of thioredoxin were significantly different between Txnip-null mice and their wild-type littermates. Because the thioredoxin system can regulate glutathione redox state, 10 the ratio of GSH to GSSG was measured in tissues. The GSH/GSSG ratio was not different between Txnip-null and wild-type mice in whole blood ( Figure 2G ) or in the heart ( Figure 2H ). Western analysis of ventricular protein from Txnip-null mice showed no changes in the protein levels of thioredoxin1 reductase, catalase, or superoxide dismutase, indicating no compensatory up-or downregulation of other antioxidants in the heart ( Figure 2F ).
Txnip-Null Mice Have Normal Lipid Profiles and Hypoglycemia
Previously, a nonsense mutation in the mouse Txnip gene (Hyplip1) was identified as a possible cause of hyperlipidemia, implicating the roles of Txnip in lipid metabolism. 11 In contrast with previous reports of hyperlipidemia, 11, 12 serum levels of total cholesterol and triglycerides were within the normal range in 12-week-old Txnip-null mice, and not significantly different from wild-type controls in the 18-hour fasted state (total cholesterol 112Ϯ8 mg/dL, nϭ11 in null mice versus 114Ϯ9 mg/dL, nϭ7 in wild-type, triglycerides 48Ϯ7 mg/dL, nϭ11 in null mice versus 36Ϯ7 mg/dL, nϭ5 in wild-type). Blood glucose levels were lower in Txnip-null mice than in littermate controls (fasting blood glucose 59Ϯ5 Figure 1 . Dual-recombinase strategy for conditional inactivation of Txnip in mice. A, Targeting vector pPGKneoF2L2DTA contains two loxP and two frt sites. B, The successful homologous recombination events created the additional SpeI site. SpeI and NcoI-digested DNA was hybridized with the 5Јprobe (8-kb and 11-kb bands represent the deletion and wild-type allele, respectively), and the 3Јprobe (2.3-kb and 11-kb bands represent the deletion and wild-type allele, respectively). C, Homozygous and heterozygous (het) Txnip-null mice were characterized by PCR with primers F1, F2, and R, allowing the amplification of the loxP-containing deletion region; a 220-bp fragment for the Txnip-null and 644-and 128-bp fragments for the wild-type allele. D, No significant Txnip mRNA was expressed in Txnip-null mice on Northern analysis probed by Txnip exon7 and exon8. mg/dL, nϭ11 in null mice versus 109Ϯ6 mg/dL, nϭ7 in wild-type; PϽ0.01). These results show that Txnip-null mice have lower blood glucose levels than wild-type mice but no clear changes in thioredoxin activity.
Txnip Deletion and the Response to Pressure Overload
Because thioredoxin was initially identified as a growth factor, 3 we examined whether deletion of Txnip, a potential inhibitor of thioredoxin, promotes myocardial hypertrophy in mice. Systemic blood pressure and cardiac parameters were measured noninvasively and followed up to the age of 25 weeks in non-TAC mice (Table) . There were no differences between Txnip-null and wild-type mice in systolic blood pressure, LV wall thickness, and LV mass to tibial length ratio (LVM/TL). However, echocardiography revealed that LV dimensions were slightly larger and % fractional shortening (%FS) was lower in Txnip-null mice at 8 to 15 weeks of age compared with wild-type littermates. Thus, Txnipdeficient hearts showed mild cardiac dysfunction at baseline. To determine whether compensatory changes in the thioredoxin system contribute to these baseline cardiac phenotypes, we examined redox state in these mice. Intracellular ferricytochrome c reduction (O 2
•Ϫ production; 17Ϯ7 nmol/mg, nϭ10 in null mice versus 16Ϯ4 nmol/mg, nϭ9 in wild-type; PϭNS), and myocardial lipid peroxides (malondialdehyde; 0.85Ϯ0.09 nmol/mg, nϭ11 in null mice versus 0.96Ϯ0.13 nmol/mg, nϭ9 in wild-type; PϭNS) were not altered in Txnip-null hearts compared with wild-type hearts.
Next, to evaluate a potential role for Txnip as a regulator of the response to cardiac pressure overload, 8-to 10-week-old Txnip-null mice were subjected to TAC. Echocardiographic LVM/TL increased in wild-type mice after TAC, but progres-sive hypertrophy was reduced in Txnip-null mice (⌬%LVM/TL from baseline to 4 weeks after TAC: ϩ56Ϯ9%, nϭ27 for wild-type versus ϩ37Ϯ9%, nϭ22 for null mice, PϽ0.05; Figure 3A ). Postmortem examination independently confirmed that the increase in heart weight/ tibial length (HW/TL) caused by TAC was reduced in Txnip-null mice at 4 weeks (ϩ32Ϯ11% from sham, nϭ10 for wild-type versus ϩ10Ϯ6% from sham, nϭ6 for null mice, PϽ0.05). Histological examination revealed that TAC caused a greater increase in myocyte cross-sectional area in wildtype mice compared with Txnip-null mice at 4 weeks ( Figure  3B and 3C). However, at 8 weeks after TAC, heart weight and myocyte cross-sectional areas of Txnip-null hearts increased to the same level of wild-type hearts (HW/TL 82Ϯ8 g/m, nϭ11 for wild-type, 90Ϯ12 g/m, nϭ10 for null mice, PϭNS). Txnip-null mice had consistently less interstitial fibrosis as assessed by collagen content at 4 and 8 weeks after TAC ( Figure 3D and 3E ). Close-chest invasive hemodynamic assessments revealed no difference in peripheral vascular resistance between wild-type mice (9.6Ϯ2.4ϫ10 5 dynes ⅐ s ⅐ cm Ϫ5 , nϭ8) and Txnip-null mice (8.9Ϯ1.6ϫ10 5 dynes ⅐ s ⅐ cm Ϫ5 , nϭ6, PϭNS) at baseline. Four weeks after TAC, no significant differences in peak LV pressure (126Ϯ9 mm Hg, nϭ24 for wild-type versus 133Ϯ6 mm Hg, nϭ31 for null mice) and peak pressure gradient (43Ϯ5 mm Hg, nϭ8 for wild-type versus 43Ϯ9 mm Hg, nϭ8 for null mice) were found. Thus, reduction in hypertrophy in Txnip-null mice during an early phase of pressure overload was not attributable to lower systemic blood pressure or a difference in the transverse aortic pressure gradient. One week after TAC, %FS was significantly depressed in wild-type mice, but Txnip-null mice subjected to TAC exhibited no significant depression in %FS from baseline to 1 week ( Figure 4A ). At echocardiography, there was only a trend toward an increase in %FS at 4 weeks after TAC in Txnip-null mice compared with wild-type mice, but the ejection fraction measured at catheterization at 4 weeks after TAC was significantly higher in Txnip-null mice (90Ϯ3%, nϭ11) than in wild-type mice (77Ϯ4%, nϭ15, PϽ0.01). At 4 weeks after TAC, stroke volume did decline from 16.5Ϯ3.4 L to 13.8Ϯ2.1 L, but cardiac output was maintained in wild-type mice because of a higher heart rate in TAC mice ( Figure 4C ). Txnip-null mice had increased stroke volume at 4 weeks of TAC (from 17.9Ϯ2.0 L to 19.7Ϯ3.0 L) as well as higher heart rates, leading to an increase in cardiac output at 4 weeks after TAC. Although end-diastolic volume was consistently higher in Txnip-null mice ( Figure 4B ), a chamber scaling-size independent index of contractile function, preload-recruitable stroke work, 13 was higher in Txnip-null mice at 4 weeks after TAC compared with wild-type mice ( Figure 4D ), suggesting an increase in LV contractility in Txnip-null mice at an early phase of pressure overload. At 8 weeks after TAC, however, Txnip-deficient mice had reduced %FS and a lower level of preload-recruitable stroke work. Of 75 null and 75 wild-type littermates that underwent TAC, 16 null and 23 wild-type mice died during the protocol, and one null and 3 wild-type mice died between 4 and 8 weeks after TAC. These survival rates were not different by Fisher's exact test. Thus, Txnip deletion led to less cardiac hypertrophy and prevented cardiac dysfunction during an early phase of pressure overload, but these benefits were not sustained and Txnip deletion led to worse cardiac function at the later phase of pressure overload.
We hypothesized that the regulatory effect of Txnip deletion on cardiac performance could be attributable to alterations of myocardial ROS levels after TAC. However, we found no significant difference in thioredoxin activity between Txnip-null and wild-type hearts both at 4 and 8 weeks after TAC ( Figure 5A and 5B) . Myocardial oxidative stress, assessed by DCFDA, was increased significantly at 4 and 8 weeks after TAC in both wild-type and Txnip-null hearts, but there was no significant difference between genotypes (Figure 5C and 5D ). Neither ferricytochrome c reduction nor malondialdehyde level was altered in Txnip-null hearts at 4 weeks after TAC ( Figure 5E and 5F) . These results suggest that deletion of Txnip regulates the acute development of cardiac hypertrophy and the biphasic functional response by the mechanism independent of global levels of thioredoxin activity or ROS in the myocardium.
To examine whether the changes in LV function after TAC were related to cardiomyocyte apoptosis, triple staining with terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL), anti-␣-sarcomeric actin anti- body, and DAPI was performed. TAC increased the number of TUNEL-positive cardiomyocytes in both wild-type and Txnip-null mice, but there was no significant difference between genotypes at 4 weeks after TAC ( Figure 5G ). At 8 weeks after TAC, Txnip-deficient mice had an increased number of TUNEL-positive cardiomyocytes compared with wild-type mice. These data suggest that Txnip deletion promotes cardiomyocyte apoptosis after prolonged mechanical stress by a mechanism independent of thioredoxin activity.
Deletion of Txnip Increases Myocardial Glucose Utilization
Txnip-null mice exhibited lower blood glucose levels without apparent hyperlipidemia. Therefore, we hypothesized that increasing myocardial glucose utilization could be an alternative mechanism by which Txnip deletion modulates cardiac function. In isolated perfused hearts from 17-to 20-week-old mice, we found that deletion of Txnip dramatically increased the uptake of 2-deoxyglucose (2-DG), a glucose analogue, during insulin-free perfusion ( Figure 6A and 6B) . The accumulation ratio of sugar phosphate (d[SP]/dt) was significantly higher in Txnip deletion mice than in wild-type mice in both fed (0.49Ϯ0.07 area/g/min, nϭ6 for Txnip-null versus 0.15Ϯ0.03 area/g/min, nϭ5 for wild-type, PϽ0.01) and fasted states (0.40Ϯ0.09 area/g/min, nϭ4 for Txnip-null versus 0.15Ϯ0.03 area/g/min, nϭ4 for wild-type, PϽ0.05). At baseline, cardiac phosphocreatine (PCr)/ATP ratio, a marker of cardiac bioenergetic status, was comparable between Txnip-null and wild-type hearts (1.8Ϯ0.1, nϭ6 in null mice versus 2.1Ϯ1.8, nϭ5 in wild-type; PϭNS). When all glucose in the perfusate was switched to 2-DG, myocardial PCr, ATP, and mechanical function declined with the accumulation of 2-DG-6-phosphate in both genotypes ( Figure  6A ). At baseline, LV developed pressure in Txnip-null mice was slightly lower (96Ϯ7 mm Hg, nϭ6) but not significantly different from that (116Ϯ9 mm Hg, nϭ5) in wild-type. However, Txnip-null hearts maintained LV developed pressure during metabolic inhibition by 2-DG perfusion ( Figure  6C ). Despite the higher LV developed pressure in Txnip-null hearts, there was a significant decrease in PCr and ATP levels in Txnip-null hearts ( Figure 6A , and online supplemental results and discussion). There were no significant changes in the total protein expression levels of glucose transporter 1 (GLUT1) and GLUT4, but myocardial glycogen storage was significantly greater in Txnip-null hearts than in wild-type hearts ( Figure  6D ). The tissue level of triglycerides was not different between Txnip-null and wild-type hearts ( Figure 6E ). ␤-adrenoreceptor stimulation induces glucose transport through cAMP-dependent PKA. To examine whether abnormal cardiac responses to ␤ adrenergic stimulation might account for progression of cardiac dysfunction and augmented myocardial glucose uptake by deletion of Txnip, we assessed the acute effect of a ␤-adrenoreceptor agonist in isolated perfused hearts. Isoproterenol (5 nmol/L) increased the rate-pressure product in Txnip-null hearts similar to wild-type hearts ( Figure 6F ). Txnip-null hearts exhibited greater glucose uptake than wild-type under ␤-adrenergic stimulation (d[SP]/dt 0.51Ϯ0.08 area/g/min, nϭ4 for null mice versus 0.18Ϯ0.04 area/g/min, nϭ3 for wild-type; Figure 6 . Enhancement of myocardial glucose uptake in Txnip-null hearts (A and B) . Glucose uptake was assessed by 2-deoxyglucose (2-DG) 6-phosphate (sugar phosphate) accumulation using 31 P-NMR spectroscopy. The perfusate was switched from the standard buffer containing glucose to one containing 2-DG. Then, insulin (2mU/mL) was administered. Frequency is presented in parts per million (ppm) relative to the peak of phosphocreatine (PCr). Standard (std.); phenylphosphonic acid (PPA). C, Left ventricular (LV) developed pressure was measured in Langendorffperfused hearts. Myocardial storage of glycogen (D) and triglycerides (E) and were measured in whole heart homogenates. F, Isoproterenol (5 nmol/L) increased the rate-pressure product in Txnip-null mice similar to wild-type (wt). G, Myocardial glucose uptake under isoproterenol (5 nmol/L) infusion. Values represent meanϮSEM from 3 to 6 mice in each group. *PϽ0.05 vs wt.
PϽ0.05; Figure 6G ). Thus, Txnip-null mice had a normal inotropic response to ␤-adrenergic stimulation with enhanced glucose utilization.
Inducible Cardiac-Specific Txnip Deletion Mice Have Cardiac Phenotypes Similar to Txnip-Null Mice
Blood glucose levels were consistently lower in systemic Txnip mice compared with littermate controls, but intraperitoneal glucose tolerance tests revealed no significant changes between before and after TAC in both genotypes. However, it is plausible that alteration of systemic glucose levels might affect the cardiac phenotypes of developing or adult hearts. Therefore, we generated temporally-inducible cardiomyocyte-specific Txnip deletion mice. To achieve inducible cardiomyocyte-specific deletion, we crossed ␣MHC-MerCreMer mice 14 with Txnip flox/flox mice. Southern analysis of genomic DNA confirmed the targeted allele of Txnip flox/flox mice ( Figure 7A ). Then, 6 to 7-week-old ␣MHC-MerCre-Mer/Txnip flox/flox mice were injected with 0.5 mg of 4-hydroxytamoxifen (4-OHT) per day for 2 weeks. Treatment with 4-OHT decreased Txnip protein expression in the hearts but not in skeletal muscle from ␣MHC-MerCreMer/Txnip flox/flox mice ( Figure 7B ). Treatment with vehicle lacking 4-OHT did not reduce Txnip in mice carrying both the MerCreMer transgene and the Txnip flox allele; these mice were designated as controls for the cardiac-specific Txnip deletion experiments.
At baseline, there was no difference between cardiacspecific Txnip deletion mice and control littermates in blood sugar levels, body weight, LV wall thickness, LV dimensions, and %FS (56Ϯ3%, nϭ7 for cardiac-KO versus 54Ϯ2%, nϭ10 for controls; PϭNS). To evaluate the effects of induced cardiac-specific deletion of Txnip in the early response to cardiac pressure overload, TAC was performed in cardiac-specific Txnip knockout mice (cardiac-KO), their control littermates, nonlittermate wild-type mice treated with 4-OHT, and wild-type mice treated with vehicle lacking 4-OHT. At 2 weeks after TAC, pressure overload markedly increased LV mass in control mice, wild-type mice with 4-OHT, and wild-type mice with vehicle ( Figure 7C ). However, the cardiac-KO mice exhibited a smaller increase in LV mass compared with controls (Ϫ22Ϯ7% over control TAC; nϭ7, PϽ0.05). Postmortem examination independently confirmed that the heart weight/body weight was smaller in cardiac-KO mice (5.5Ϯ0.4 g/m, nϭ7) than in control (6.3Ϯ0.3 g/m, nϭ7), wild-type mice with vehicle (6.3Ϯ0.1 g/m, nϭ5), and wild-type mice with 4-OHT (6.6Ϯ0.6 g/m, nϭ5) after TAC (PϽ0.05). Thus, cardiac-specific deletion of Txnip reduced cardiac hypertrophy in the early response to pressure overload.
Similar to the findings in Txnip-null mice, cardiac-KO mice exhibited a robust increase in myocardial glucose uptake (d[SP]/dt 1.22Ϯ019 area/g/min, nϭ4, for cardiac-KO versus 0.48Ϯ0.17 area/g/min, nϭ4, for controls; PϽ0.05), indicating that changes in glucose metabolism in the heart were not secondary to systemically abnormal glucose/insulin metabolism ( Figure 7D ). Invasive hemodynamic assessments showed that cardiac output (9.1Ϯ1.9 mL/min for cardiac-KO versus 6.4Ϯ0.9 mL/min for control) and preload-recruitable stroke work (110Ϯ13 mm Hg, nϭ5 for cardiac-KO versus 87Ϯ7 mm Hg, nϭ10 for control) tended to be higher in cardiac-specific KO hearts at 2 weeks after TAC, but these differences did not reach statistical significance. There was no significant difference in interstitial fibrosis between cardiac-specific KO and control mice at 2 weeks after TAC (% sirius red positive area 11Ϯ5%, nϭ7 for cardiac-KO versus 13Ϯ4%, nϭ12 for control). These results support the concept that myocardial Txnip plays a critical role in regulation of cardiac metabolism. 
Discussion
Although Txnip participates in a variety of biological functions, the physiological roles of Txnip in the myocardium have not been defined. In this study, we explored the in vivo role of Txnip in the heart by using Txnip deletion in mice. Our results indicate that deletion of Txnip induces mild cardiac dysfunction in the basal state with a biphasic functional response to pressure overload. In the early phase of hemodynamic stress, deletion of Txnip provides cardioprotection with a reduced propensity to cardiac hypertrophy. At the later transition to cardiac failure, deletion of Txnip leads to worse cardiac function. Because a direct linkage between ROS generation and cardiac contractile defect has been proposed, 15 we anticipated that these cardiac phenotypes in Txnip deletion mice were mediated by increased thioredoxin activity to antagonize oxidative stress. However, we did not detect changes in overall redox state in Txnip-null mice; instead, our data support a role of Txnip in cardiac metabolism.
Under normal conditions, the heart generates energy primarily by oxidizing fatty acids with smaller contributions from glycolysis and oxidation of pyruvate. In contrast, under conditions of energy supply-demand imbalance such as pressure overload, glucose oxidation in mitochondria contributes significantly to the energy synthesis in hypertrophied hearts. Enhancing glucose utilization, therefore, may promote a favorable mode of energy supply that enables Txnip-null hearts to maintain higher contractile performance in the acute pressure overload. However, it remains unclear whether the increase in glucose utilization in hypertrophied hearts represents a beneficial adaptation or is ultimately maladaptive. 16 Indeed, alteration of glucose metabolism by deletion of Txnip was not coupled to LV contractile reserve after prolonged pressure overload. One possibility is that the augmentation of glucose uptake in Txnip-null mice may be an intrinsic compensatory mechanism of impaired energy metabolism. Our preliminary studies suggest that mitochondrial ATP synthetic machinery, assessed by respiratory control ratio, is reduced in Txnip-null mice at baseline and after TAC. This could possibly explain worse contractility in the sham and late TAC mice by deletion of Txnip, but this alone could not explain the improved function early after TAC. Further investigations are necessary to clarify the non-redox mechanisms to regulate cardiac metabolism and biphasic functional response to pressure overload by deletion of Txnip in the myocardium.
We previously reported that adenoviral overexpression of Txnip blunted protein synthesis in response to hypertrophic stimuli in rat neonatal cardiomyocytes. 6 In the present study, targeted deletion of Txnip in the heart attenuated the early hypertrophic response to pressure overload, creating an apparent paradox. To address this discrepancy, we measured protein synthesis in neonatal cardiomyocytes isolated from Txnip-null mice and wild-type mice as previously described. 6 Stimulation with angiotensin II (0.1 mol/L, 24 hours) increased protein synthesis in cells from both genotypes, but the response was not significantly different between Txnipnull mice (ϩ26Ϯ8%, nϭ13) and wild-type mice (ϩ21Ϯ4%, nϭ17, PϭNS). The apparent paradox of blunted hypertrophic response in both the knockout and overexpression models may be attributable to the nonphysiological protein levels of Txnip by adenoviral vector (14Ϯ2-fold expression of Txnip protein relative to the level of endogenous protein). Although overexpression of Txnip robustly enhances cellular levels of ROS through the inhibition of thioredoxin activity after hypertrophic stimuli, deletion of Txnip does not appear to change thioredoxin activity or redox state dramatically. These data suggest that whereas forced overexpression of Txnip can inhibit thioredoxin activation and downstream signaling events that depend on its activation, physiological levels of Txnip may not regulate thioredoxin activity and thus inhibit hypertrophy through a different mechanism.
Other groups have generated systemic Txnip-mutant mice with no reports of increases in thioredoxin1 activity in tissues. 11, 12, 17 Because endogenous Txnip primarily exists in nuclei and mitochondria in mammalian cells, 18 the Txnipthioredoxin interactions may be localized within the cell in the nucleus or the mitochondria. Thus, deletion of Txnip in mice might regulate the inhibitory effects of thioredoxin in a nuclear interaction with transcriptional activators or mitochondrial oxidative phosphorylation, rather than scavenging global levels of ROS in the cytoplasm.
Although our experiments cannot define the precise molecular mechanisms by which Txnip regulates cardiac metabolism or contractile function, our data strongly suggest that control of redox state is not the dominant mechanism, despite the ability of Txnip to bind to and inhibit thioredoxin. Instead, Txnip may function in a manner similar to the related family of proteins, the arrestins. 4 The arrestins have multiple signaling mechanisms, including control of G protein signaling and binding of MAP kinases. 19 Although we speculate that Txnip may also have multiple roles, further studies in proteomics, for example, will be necessary to define these roles.
In conclusion, conditional deletion of Txnip regulates cardiac dysfunction in response to pressure overload. Txnip deletion may render hypertrophied hearts more tolerant to acute hemodynamic stress through adaptive metabolic changes rather than regulation of thioredoxin activity. However, these beneficial adaptations are not sustained, and Txnip deletion can ultimately lead to maladaptive LV remodeling under the prolonged hemodynamic stress. The present study provides a basis for further investigations of the effects of Txnip on cardiac metabolism and as a potential link between thioredoxin and myocardial energetics in cardiac hypertrophy and heart failure.
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